Cells respond to oxidative stress including nitric oxide (NO) by increasing cellular glutathione concentration, as a part of adaptive response against oxidative injury. To elucidate the mechanism by which NO induces glutathione we investigated the reactive oxygen species (ROS) generated in the cell. Treatment of RAW264.7 cells with NO donor, sodium nitroprusside (SNP), resulted in a temporary increase in glutathione in a dose-dependent manner, which peaked between 6 h and 12 h after treatment, whereas expression of g g-glutamylcysteine synthetase (g g-GCS) mRNA peaked around 3 h after treatment. The increase was inhibited by NO scavengers, oxyhemoglobin and carboxyl-2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO). N-Acetyl-Lcysteine (NAC) also reduced the increase in glutathione to some extent, whereas both peroxynitrite scavenger ebselen and hydroxyl radical scavenger DMSO inhibited the increase in glutathione in a dose-dependent manner and complete inhibition was observed. Hydrogen peroxide exogenously added to the cell did not increase either glutathione or g g-GCS expression at any concentration, indicating that involvement of hydrogen peroxide is not likely. Flow cytometric analysis showed that SNP induced a marked dose-dependent increase in Rhodamine123 fluorescence, which was completely inhibited by ebselen in a dose-dependent manner, whereas, little increase in 2,7-dichlorofluorescin (DCF) fluorescence was observed. Generation of peroxynitrite in mitochondria by SNP was confirmed by elevated level of nitrotyrosine in a mitochondria fraction isolated from SNP-treated cells, and the elevation was completely inhibited by ebselen as well. These results suggest that induction of glutathione (GSH) synthesis by SNP treatment is mediated by peroxynitrite generated in mitochondria.
Glutathione (GSH) is a tripeptide ubiquitously found in most cells at concentrations of 5 to 10 mM and has a variety of physiological functions ranging from protection of cells by serving as an antioxidant 1, 2) to modulation of signal transduction by controlling cellular redox state.
3) GSH exerts its antioxidant function as a free radical scavenger and as a cofactor for antioxidant enzymes, glutathione peroxidase (GPx) and glutathione S-transferase, providing the first line of cellular defense against oxidative stress. Cells subjected to oxidative stress respond not only by eliminating and detoxifying reactive oxygen species (ROS) with such pre-existing defense system, but by enhancing the defense through newly synthesizing antioxidants such as superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase and thioredoxin as well as glutathione. 4) Such adjustment of the cells is known as an adaptive response of the cell.
Induction of GSH synthesis has been reported to be one of a common responses of the cells against a variety of stimuli, especially oxidative stress including nitric oxide (NO), 5, 6) and which is achieved through elevated expression of the rate limiting enzyme of glutathione biosynthesis, g-glutamylcysteine synthetase (g-GCS). [5] [6] [7] [8] NO becomes cytotoxic at higher concentrations by generating ROS including peroxynitrite and hydrogen peroxide, 9) by directly modifying the enzymes such as GPx and catalase or by inhibiting mitochondrial respiratory chain. At lower concentrations, on the other hand, NO has been reported to exert a protective effect by interfering with lipid peroxidation process 10, 11) and apoptotic pathway 12, 13) or by inducing an adaptive defense response as mentioned above. Since induction of GSH by NO has been reported in different cell types 8, 14, 15) at low, sometimes physiologically relevant concentrations, it has become recognized to be a novel function of NO. Such effect of NO may be important in modulating physiological processes where NO is involved.
Peroxynitrite, which is physiologically formed in the cell through the reaction of NO with superoxide, is suggested to be generated whenever NO is available within the cell, because superoxide is constitutively produced in mitochondria under a normal condition. Because of its oxidizing reactivity against a wide range of cell components such as proteins, 16) nucleotides, 17) lipids, 11) peroxynitrite has been believed to be one putative species responsible for many biological effects of NO, including deleterious one. 18) To have a better view on the physiological role of NO, elucidation of the key species and the signaling mechanisms involved in enhancement of antioxidant defense by NO is of particular importance.
In our previous study, the mechanism underlying the elevation of intracellular glutathione (GSH) in RAW 264.7 cells exposed to low-level sodium nitroprusside (SNP) was investigated by measuring the expression of mRNA for g-GCS, the rate-limiting enzyme of de novo GSH synthesis, and the GSH content. 19) As a result, a significant elevation of expression of mRNA for g-GCS was observed at 3 h after exposure of the cells to SNP at a concentration of 0.25 mM. Carboxy-2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) (c-PTIO), N-acetylcysteine (NAC), or ebselen (Eb) significantly suppressed the elevations induced by SNP, suggesting that hydrogen peroxide or peroxynitrite (ONOO Ϫ ) is involved in this event as a triggering molecule. Hydrogen peroxide itself, however, did not induce the elevation of g-GCS mRNA and glutathione. Chemiluminescenses induced by SIN-1, a chemical ONOO Ϫ donor, and ONOO Ϫ itself were completely blocked by Eb. SIN-1 also significantly ele-vated the cellular glutathione level, and the elevation was absolutely blocked by Eb. These results suggest that the elevation of intracellular GSH in RAW 264.7 cells exposed to low-level SNP occurs via the de novo GSH pathway through transcriptional up-regulation of the g-GCS gene induced by peroxynitrite molecule.
In this study we investigated the intracellular peroxynitrite molecule generated in the cells treated with SNP with the aim of elucidating the molecular mechanism that mediate the signal for NO-induced increase in GSH.
MATERIALS AND METHODS
Reagents Sodium nitroprusside (SNP), reduced glutathione (GSH), N-acetyl-L-cysteine (NAC), 5,5Ј-dithio-bis-(2-nitrobenzoic acid) (DTNB), b-NADPH and glutathione reductase (GR) were obtained from Oriental Yeast Co. Ltd. (Tokyo, Japan). Ebselen (Eb, 2-phenyl-1,2-benzisoselenzazol-3[2H]-one) and bovine hemoglobin (Hb) was from Sigma Chemical Co., (St. Louis, MO, U.S.A.). Carboxyl-PTIO and NOC12 were from DOJINDO Co., (Kumamoto, Japan). 2Ј,7Ј-dichlorofluorescin-diacetate (DCFH-DA) and dihydrorhodamine123 (DHR123) were purchased from Molecular Probes (Eugene, OR). Anti-nitrotyrosine polyclonal antibody (rabbit IgG) was from Upstate Biotechnology (Lake Placid, NY, U.S.A.). All other reagents were of analytical grade.
Cell Culture Mouse macrophage-like RAW264.7 cells were obtained from Riken Cell Bank (Tsukuba, Japan). Cells were cultured in DMEM containing 10% FBS at 37°C in a 5% CO 2 /95% air atmosphere. Logarithmic phase cells were used for all experiments.
Treatment of Cells with SNP and Reagents Freshly harvested RAW264.7 cells were seeded at 1ϫ10 6 /ml into 6-well plates. 18 h later SNP was added to the medium at the final concentrations indicated and incubation was continued for an appropriate time. NAC, Hb and carboxyl-PTIO were applied to the cells 10 min prior to SNP treatment. All other reagents were applied simultaneously with SNP.
Determination of Total Glutathione Concentration For determination of intracellular total glutathione concentrations, cells were washed 3 times with ice-cold PBS and harvested with a silicon rubber scraper. The cell pellet suspended in a homogenization buffer (PBS containing 5 mM EDTA, 0.25% sodium cholate and 0.01% digitonin) was sonicated and centrifuged at 10000 g for 20 min. The supernatant was mixed with an equal volume of 10% TCA and kept on ice for 30 min. After centrifugation at 10000 g for 20 min the acid-soluble fraction was washed 5 times with ether to remove remaining TCA, then subjected to the total glutathione assay. Total glutathione (GSHϩGSSG) assay was performed by DTNB-GR recycling method. 20) Briefly, each sample was diluted 1 : 5, and a 25 ml aliquot was mixed with 250 ml of 1 mM DTNB, 733 ml of 0.3 mM NADPH, and 10 ml of GR (2 U/ml). The rate of change in absorbance was measured at 412 nm. The glutathione concentration of each sample was calculated as nmol/mg protein. Protein concentration was determined with Bio-Rad protein assay kit.
Flow Cytometry Generation of ROS inside the cell was estimated by flow cytometry using oxidation-sensitive fluorescent probes, DCFH-DA and DHR123, as described. [21] [22] [23] Cells were washed twice with PBS and incubated in PBS with 20 mM DCFH-DA or DHR123 at 37°C for 10 min. After washing with PBS, cells were treated with the reagents for an indicated time. After treatment with SNP for 20 min cells were harvested, washed twice with PBS, and analyzed immediately with FACS Calibur (Becton-Dickinson, San Jose, CA, U.S.A.) with excitation at 488 nm and emission at 530Ϯ30 nm. Data were analyzed using CellQuest software. For each analysis 10000 events were recorded.
Determination of Nitrotyrosine in Mitochondria After treatment with SNP for 1 h cells were washed twice with PBS (pH 7.0) and homogenized in homogenization buffer (0.25 M sucrose, 3 mM Tris-HCl buffer (pH 7.4) containing 0.1 mM EDTA). Homogenates were centrifuged at 700 g for 10 min and the supernatant fraction was further centrifuged at 7000 g for 10 min to obtain a mitochondrial fraction. The pellet was sonicated and centrifuged at 10000 g for 10 min. The supernatant was filtered by aspiration onto nylon blotting membrane (MSI, WESTBORO, MA, U.S.A.). The membrane was washed twice with distilled water and incubated in PBS-0.05% Tween-20 (PBS-T) for 10 min. After washing twice with distilled water the membrane was blocked in freshly prepared 3% nonfat dry milk in PBS (PBS-MLK) for 20 min at room temperature with constant agitation, followed by washing with distilled water. The membrane was incubated with 125 I-labeled anti-nitrotyrosine antibody in PBS, which was prepared as below, overnight with agitation at 4°C. Then, the membrane was washed three times with distilled water and the amount of immuno-reactive proteins on the membrane was quantified using g-counter. Data were normalized by protein content in the samples.
Radiolabeled anti-nitrotyrosine antibody was prepared by using the Chloramine-T method. 24) In brief, Chloramine-T solution and sodium metabisulfite solution were freshly prepared. Anti-nitrotyrosine antibody was suspended in PBS (pH 7.2) at a concentration of 1.5 mg protein/100 ml. A 17 ml aliquot of 125 I-NaI was added to 50 ml of anti-nitrotyrosine antibody suspension, and then 10 ml of Chloramine-T (2.7 mg/ml) solution was added. The mixture was incubated at room temperature for 3 min. Chloramine-T solution was added to the above mixture twice with an interval of 3 min, and then the reaction was stopped by adding 20 ml of sodium metabisulfite solution (5 mg/ml). The antibody was purified by Sephadex G-50 gel permeation chromatography.
RNA Isolation and Northern Blot Analysis Expression of g-GCS mRNA was analyzed by Northern blotting. Total RNA was isolated from the cells by means of the acid guanidium isothio-cyanate-phenol-chloroform extraction method. The RNA was quantified spectrophotometrically at 260 nm (the ratio of A 260 to A 280 always exceeded 1.8), and 15 mg aliquots of total RNA were sized-fractionated by electrophoresis on a 1.0% agarose gel (Nippon Gene, Toyama, Japan). RNA was then blotted onto nylon membrane using 0.02 M 3-morpholinopropane sulfonic acid (MOPS) buffer (pH 7.0), and immobilized by UV cross-linking. The relative amounts of RNA were quantified with a mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe. Mouse g-GCS-HS (heavy subunit) and GAPDH cDNAs were synthesized by RT-PCR (Titan, Boehringer Mannheim, Mannheim) from mouse liver total RNA using oligo DNA primers for g-GCS-HS (5Ј-CACATCTACCACGCAGTCA-3Ј and 5Ј-TTCGCTTTTCTAAATCCTGA-3Ј) and GAPDH (5Ј-TGAAGGTCGGTGTGAACGATTTGGC-3Ј and 5Ј-CATG-TAGGCCATGAGGCCACCAC-3Ј). cDNA was amplified (35 cycles, 94°C, 1 min; 55°C, 1 min; 72°C, 1 min) and PCR products were sub-cloned into the pGEM-T vector (Promega, Madison, WI, U.S.A.) for amplification. Hybridization was carried out in a solution consisting of 5ϫSSPE (20ϫSSPEϭ3.6 M NaCl, 200 mM NaH 2 PO 4 , 20 mM EDTA, pH 7.4), 10ϫDenhardt's reagent (0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2% BSA), 50% formamide, 1.4% sodium dodecyl sulfate (SDS), and 0.1 mg/ml herring sperm DNA with 32 P-labeled probes at 42°C. After hybridization, the membrane was washed with 6ϫSSC (20ϫSSCϫ3 M NaCl, 0.3 M trisodium citrate) and 0.1% SDS at 42°C for 30 min, 1ϫSSC and 0.1% SDS at 55°C for 30 min, and 0.1ϫSSC and 0.1% SDS at 60°C for 30 min. Quantification was done with a laser image analyzer (Fujix BAS 2500, Fuji Film, Kanagawa, Japan). The membrane was also exposed to an X-ray film (Fuji HR-HA30, Fuji Film) with an intensifying screen at Ϫ80°C.
Statistical Analysis The statistical significance of differences was determined by using Student's t-test for comparison between two groups or two-way repeated measures analysis of Variance (ANOVA) and Dunnett's tests for multiple comparison, where p values of less than 0.05 were considered significant.
RESULTS

Increase in Glutathione through New Synthesis of g g-
GCS by NO Monoblast-like RAW264.7 cells were treated with different concentrations of SNP for 6 h and changes in cellular glutathione level was followed. Concentration dependent increase was observed up to 0.25 mM, thereafter glutathione level decreased with increasing concentrations of SNP because of toxic effect of SNP (Fig. 1A ). g-GCS mRNA level changed in a similar way (Fig. 1B ).
Time profile of glutathione level obtained with 0.25 mM SNP is shown in Fig. 2A . GSH level showed 1.4-to 2-fold increase and was sustained between 6 h and 12 h after treatment. This increase returned to the baseline level within 24 h. At all the concentrations tested similar time profiles were obtained. g-GCS mRNA level peaked 3 h after treatment (Fig.  2B) , that is, a few hours before maximal induction of glutahtione synthesis, suggesting that the increase of glutathione is through a new synthesis of g-GCS.
Based on these results, cells were treated with 0.25 mM SNP for 6 h in the following experiments.
To confirm that NO exerted the effect of SNP on glutathione level, a NO scavenger oxyhemoglobin and a NO spin-trapping probe, carboxyl-PTIO, were added to the cell suspension together with 0.25 mM SNP, and glutathione was measured 6 h after treatment (Fig. 3) . Both oxyhemoglobin and carboxyl-PTIO inhibited the elevation of glutathione level in a dose-dependent manner. At the highest concentration (1 mM) both reagents lowered glutathione level much below the baseline level, which seems to be caused by eliminating the constitutive NO content within the cell. The effect of NO on glutathione level was further confirmed by using another NO donor NOC12. Although low concentration (10 mM) of NOC12 was used because of rather high cytotoxicity at higher concentrations in RAW264.7 cells, 1.4-fold increase in glutathione was observed.
ROS Involved in the Induction of Glutathione Since biological effects of NO have generally been attributed to ROS such as peroxynitrite and hydrogen peroxide, involvement of these species in the elevation of GSH level was examined. We first investigated the inhibition of the increase in glutathione by scavengers (Fig. 4) . NAC is a cell-permeable free radical scavenger and is converted to cysteine in cytosol, which consequently increases cellular GSH. NAC is also known as a scavenger of peroxynitrite. Although there appeared some reduction of increase in glutathione, inhibitory effects were incomplete. It seems to be due to increased availability of cysteine by NAC. Eb has been known to scavenge peroxynitrite as well as hydrogen peroxide. Because Eb scavenges peroxynitrite with the rate constant of 2ϫ10 25) it is recognized as the best small molecule scavenger of peroxynitrite. With increasing concentrations of Eb the increase in glutathione was inhibited in a dose-dependent manner, with complete inhibition at 0.25 mM. DMSO, a known hydroxyl radical scavenger, showed a clear dose-dependent inhibition with complete inhibition at 300 mM. Because DMSO is highly cell-permeable, it scavenges hydroxyl radical generated both outside and inside the cell including mitochondria. These inhibition studies suggest that generation of peroxynitrite and/or hydrogen peroxide is involved in the induction of GSH by SNP. The possibility of involvement of hydrogen peroxide was already examined. As previously reported, 19) hydrogen peroxide did not induce glutathione at any concentrations ranging from 0 to 0.2 mM. g-GCS mRNA was not induced by hydrogen peroxide at all, either. These results suggest hydrogen peroxide is not involved in the increase in glutathione by SNP treatment.
Flow cytometric Analysis of ROS Involved in the Induction of Glutathione Next, we examined the location of the ROS involved in the induction of glutathione by flow cytometric analysis using fluorescence probes for ROS. Dichlorofluorescin-diacetate (DCFH-DA), which predominantly locates in cytosol and probes cytosolic hydrogen peroxide and some other species including peroxynitrite. [21] [22] [23] Dihydrorhodamine123 (DHR123) is a mitochondria-associated probe that selectively reacts with peroxynitrite. [21] [22] [23] Since these probes have some cytotoxicity, FACS measurement was performed 20 min after treatment with SNP. After treatment of RAW264.7 cells with SNP Rhodamine123 fluorescence showed a clear dose-dependent rise with increasing amount of SNP and 10-to 20-fold increase in fluorescence was observed at 0.25 mM (Figs. 5A and B) . Maximal increase in Rhodamine123 fluorescence was obtained at 10 min after treatment, then the level slightly decreased in 20 to 30 min (Data not shown). Other probe, DCFH-DA, hardly responded to SNP treatment, indicating that there is no significant generation of cytosolic hydrogen peroxide or peroxynitrite (Fig.  5C ). Since these results suggested peroxynitrite generation in mitochondria in SNP-treated RAW264.7 cells, the effect of scavenger was also examined. Eb inhibited increase in Rhodamine123 fluorescence induced by SNP in a dose-dependent manner with complete inhibition at 0.25 mM (Fig. 6A  and B) , which is in good accordance with the inhibitory effect of Eb on the increase in glutathione, as mentioned. NAC, 782 Vol. 28, No. 5 on the other hand, showed no inhibition at any concentration tested (Fig. 6C) , suggesting that increase in Rhodamine123 fluorescence is not caused by the species located in cytosol.
Generation of Peroxynitrite in Mitochondria Thus, peroxynitrite generated in mitochondria seemed to be the most likely species responsible for induction of GSH synthesis in RAW264.7 cells treated with SNP. In order to confirm this finding, detection of nitrotyrosine, which is formed through nitration of cellular protein by peroxynitrite, in mitochondria from the cells treated with SNP was performed and inhibitory effect of Eb on the nitrotyrosine formation was examined. Soluble proteins in mitochondria isolated from the cells treated with 0.25 mM SNP for 1 h were probed with anti-nitrotyrosine antibody. The amount of immunoreactive proteins in mitochondria from the SNP-treated cells showed 1.4-fold increase and Eb at 50 mM completely inhibited the increase. Because the degree of increase in nitrotyrosine after SNP treatment was somewhat inconsistent although the tendency was similar, that is, nitrotyrosine was increased after SNP treatment and the increase was inhibited by Eb (Fig. 7) , the representative result is presented without statistical analysis. The profile of dose-dependent inhibition was similar to that obtained in flow cytometric analysis, which may ensure the generation of peroxynitrite in mitochondria and support the possibility of peroxynitrite in mitochondria being the responsible species for the induction of GSH synthesis.
DISCUSSION
Induction of GSH synthesis has recently been focused, 8, 26) as a novel mechanism by which NO exerts its cyto-protective effects. Although many stimuli including oxidative stress have been reported to induce GSH synthesis, the key species generated in the cell has not yet been elucidated. In the present study, we investigated the SNP-induced GSH synthesis to elucidate the responsible species for inducing adaptive response to NO.
NO-induced GSH synthesis in macrophage-like RAW 264.7 cells appeared to be through enhanced induction of g-GCS-HS mRNA. This is the same mode of induction as that observed in rat aortic smooth muscle cells 8) and cultured rat hepatocytes, 14) whereas in endothelial cells the induction was resulted from enhanced cysteine uptake through the Xc-pathway of amino acid transport, not through enhanced g-GCS expression. 15) Thus, the induction mechanism depends on the cell types and inducers. Besides NO, many other reagents, stimuli and conditions have been reported to induce elevated expression of g-GCS, which include cytokines, 25, 27, 28) hormones, 29, 30) GSH-conjugation, 31) heat shock, 32) ionizing radiation 7, 33) and oxidative stress. 5, 6) One of the most common cellular events resulted from these various inducers is a generation of ROS. Since the functional activities of GSH are tightly related to its capacity as an antioxidant or a SH-reductant, it may be reasonable that oxidatively stressed condition induces g-GCS expression to reinforce the antioxidant capacity, as an emergency response or an adaptive response.
We previously reported that ionizing radiation with g-ray induced the elevation of GSH level as well as activities of other antioxidants such as SOD, GPx, catalase and thioredoxin in the mouse brain. 4) Furthermore, such elevation of GSH level was later found to be induced through enhanced g-GCS expression. 33) Induction of these antioxidants including GSH is certainly an adaptive response to hydroxyl radicals generated by the radiation.
NO produces several physiologically relevant ROS including NO itself, peroxynitrite, peroxynitrous acid, hydroxyl radical and nitrogen dioxide, among which the latter two are formed via decomposition of peroxynitrite.
26,34,35) Among these species peroxynitrite and hydroxyl radical are considered to be the most responsible for oxidative cell injury induced by NO.
Our results presented in this study indicate mitochondrial peroxynitrite is the responsible species for the elevation of glutathione level in RAW264.7 cells, based on the following findings: 1) Eb and DMSO showed reasonable and significant inhibition of GSH induction by NO. That is, the inhibition was dose-dependent and complete inhibition was achieved. Inhibition by all other inhibitors was only marginal, if any, without dose-dependency and complete inhibition was not achieved. 2) No increase in GSH or induction of g-GCS expression upon direct application of hydrogen peroxide was observed. 3) DHR123, not DCFH-DA, showed significant increase in fluorescence upon NO treatment, and which was inhibited by Eb in a dose-dependent manner and a complete inhibition was achieved. 4) Formation of nitrotyrosine in mitochondria was increased by NO treatment, and was completely inhibited by Eb as well.
Since SNP seems to have some other effects than releasing NO molecule, which may be caused by species such as cyanide and iron ion, as reported, 36) use of SNP as a NOdonor may require a caution in making interpretation of the results. We consider this is why some minor and incomplete inhibition was observed in inhibition studies. We regarded as predominant only when dose-dependency and complete inhibition were observed. Because the event we are focusing in this study is supposed to be caused by ROS, any oxidizing action by such species as cyanide and iron moiety from SNP would affect the event of GSH synthesis to some extent. If the oxidative stress is not critically involved in the event, as is seen in induction of TNFa through inhibition of adenylate cyclase by NO, 37) SNP may simply be used as a NO donor. Involvement of oxidizing action of iron moiety of SNP in GSH induction, however, was not likely in our experiments because reagents were freshly prepared immediately before application and incubation time was short (6 h for GSH induction, 1 h for nitrotyrosine formation, 20 min for peroxynitrite generation), and reducing agents such as ascorbic acid was not included in the medium. Furthermore, an iron chelator deferoxamine showed little inhibition (data not shown). Finally NOC12 also induced increase in GSH.
Because both catalase and Eb, which functions as a glutathione peroxidase-mimic 38) as well as a peroxynitrite scavenger, inhibited the elevation of glutathione level to some extent, there may remain the possibility that hydrogen peroxide is involved. Effective inhibition by DMSO indicates that involvement of hydroxyl radical in the process and hydrogen peroxide could possibly be its source. If hydrogen peroxide plays a major role, direct treatment of cells with hydrogen peroxide should reproduce the effect of NO. However, lack of induction of GSH at any concentration of hydrogen peroxide tested, can eliminate such possibility. Furthermore, DCFH-DA-derived fluorescence, which detects cytosolic hydrogen peroxide as well as peroxynitrite, 22) showed little increase upon NO treatment. Taken together, these results indicate that generation of hydrogen peroxide, if any, would contribute to the whole result only insignificantly.
NO has been reported to interfere with mitochondrial respiratory chain at several sites, resulting in enhanced generation of ROS, namely superoxide, which subsequently reacts with NO to form peroxynitrite. [39] [40] [41] [42] [43] NAC, which is an effective scavenger of peroxynitrite, 44) exerts its scavenging effect in cytosol, not in mitochondria, because it is entrapped in cytosol after hydrolysis. Failure in complete inhibition by NAC suggests that cytosolic peroxynitrite may not be involved. NAC did not affect the elevation of fluorescence intensity of Rhodamine123, either, further suggesting cytosolic peroxynitrite is not involved.
Because Eb was found to be most reactive among known small molecules that react with peroxynitrite, 25, 45) it has been predominantly used as a peroxynitrite scavenger rather than as a glutathione peroxidase-mimic. As mentioned above, peroxynitrite in cytosol is not involved in the induction of glutathione and most likely location of peroxynitrite formation is mitochondria. This was confirmed by flow cytometry using DHR123, which is a fluorescent probe associated with mitochondria. Rhodamine123 fluorescence greatly increased upon NO treatment, and which was completely inhibited by Eb, indicating generation of peroxynitrite in mitochondria. Nitrotyrosine has been regarded as a footprint of peroxynitrite formation in the cell and tissues 46, 47) and its formation can assure generation of peroxynitrite in the tissue of interest. Significant correlation between mitochondrial peroxynitrite production, which was clearly proved by generation of DHR123-oxidizing species and formation of nitrotyrosine, and GSH induction, strongly suggests that peroxynitrite is the ROS responsible for GSH synthesis in the RAW264.7 cells treated with SNP. This would also provide a reasonable explanation for the inhibition of the increase in GSH by DMSO. Although the formation of hydroxyl radical through homolytic dissociation of peroxynitrous acid has been a point in dispute, 48, 49) our results suggest that hydroxyl radical is involved in the biological action of peroxynitrite.
By inducing GSH synthesis, as described in this study, NO at a non-toxic concentration may present an antioxidant property. The nature of the induction suggests that this is a part of general response of the cell against oxidative stress. 50) That is, the maximal induction of GSH synthesis was always observed at the concentration (0.25-0.5 mM) above which cytotoxicity emerged. When the cells are subjected to oxidative insult, they respond to it by activating the defense mechanism. When the insult overcomes the defense, injurious effect breaks out. Thus, this phenomenon would be considered as an adaptive response to oxidative insult and, accordingly, the species which signal the response should be the very one that gives the oxidative injury to the cell. Peroxynitrite appeared to be the species. Supporting this notion, nitric oxideinduced generation of peroxynitrite in mitochondria and nitration of cytochrome C were reported to precede apoptosis in RAW264.7 cells. 51) Sublethal level of otherwise toxic material, which in this case is peroxynitrite in mitochondria, would exert beneficial effect by enhancing the defensive potential of the cell, indicating that the same species exerts beneficial as well as adverse effect depending on the condition.
In summary, we presented the evidence that peroxynitrite generated in mitochondria induced by exogenously added NO mediates the signal for a new synthesis of GSH as a part of adaptive defense response.
